Introduction
As Golder [1] brilliantly pointed out in the first issue of Géotechnique, in June 1948, "there are two approaches to a natural problem. They are the approach of the pure scientist and that of the engineer. The pure scientist is interested only in the truth. For him there is only one answerthe right one -no matter how long it takes to get it. For the engineer, on the other hand, there are many possible answers, all of which are compromises between the truth and time, for the engineer must have an answer now; his answer must be sufficient for a given purpose, even if not true. For this reason an engineer must make assumptions -assumptions which in some cases he knows to be not strictly correct -but which will enable him to arrive at an answer which is sufficiently true for the immediate purpose. Mistakes are not made when an engineer makes his assumption. Mistakes are made when other engineers forget the assumptions which have been made […] ". This thought, which was dedicated to Coulomb and the earth pressure, is completely valid for the modelling of the "riddle of shear failure" [2] . For example, Mörsch recognised that his pioneer model was a simplification, since some of the transverse force could be resisted by inclination of the flexural compression chord, and, the ribs of concrete between flexural cracks would bend and produce dowel forces in the main steel [3] .
It is essential, therefore, when dealing with models for a structural code, to know the purpose of that code. The purpose will fix the level of the simplifications that can be accepted.
In general, most current structural codes, as EC2 [4] or ACI 318-11 [5] , were conceived for the design of new structures. With this purpose in mind, very simple models are adequate, as the main objective it is not to predict the actual strength of a structure, but to design it in a safe way.
However, the assessment of structures is a topic of increasing interest for everyday engineering.
For this reason, the inclusion of the assessment in the purpose of a given Structural Code makes it necessary to rethink the models included and the simplifications carried out. Moreover, the construction sector is everyday more open to new materials and technologies. Therefore, a code should not be "a set of rules prepared by a few for the regulation of other engineers, but a synthesis of contemporary knowledge, practices and techniques" [6] , based on mechanical models, to allow their natural extension to new applications that were probably not envisaged when the initial mechanical model was developed.
Theoretical background
It is considered that the shear strength, Vu in Eq. (1) , is the sum of the shear resisted by concrete and by the transverse reinforcement (Vs), and it must be lower than the shear force that produce failure in the concrete struts, Vu,max in Eq. (2) . The concrete contribution is explicitly separated (see Eq. 1) into the shear resisted in the uncracked compression chord (Vc), shear transferred across web cracks (Vw) and the dowel action in the longitudinal reinforcement (Vl) Table 1 (Eqs. [3] [4] [5] [6] . The complete derivation of these equations may be found in [23, 25] . The different parameters needed to compute Eq. (1) are also given in Table 1 (Eqs. [7] [8] [9] [10] [11] [12] and in the notation. For the maximum shear strength due to the strut crushing, Eq.
(2), this model adopts the formulation of the current EC-2, derived from plasticity models, but assuming that the angle of the compression strut is equal to the angle of the critical crack given by Eq. (12) . Strut crushing is not a common failure mode, but it is possible in cases when larger contribution of Vs exists, so the verification is introduced. As larger values of Vs implies large amount of stirrups, usually this will occur with smear cracking in the web. Therefore, Eq. (2) represents here a check that another failure mode, strut crushing, prevents the occurrence of the compression chord failure. Note that these expressions do not include partial safety factors and that depend on mean values of the mechanical properties. 
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Critical crack inclination   A main assumption of the model is to consider that failure occurs when, at any point of the compression chord, the principal stresses (1, 2) reach the Kupfer's biaxial failure envelope [31] , in the compression-tension branch (Fig. 2 ). This assumption is based on the experimental observation that when this happens, the concrete in the compression chord, subjected to a multiaxial stress state, initiates softening, reducing its capacity as the crack propagates. When the load is increasingly applied, flexural cracks successively appear as the bending moment increases. It is assumed that the critical crack is the closest crack to the zero bending moment point and that it starts where the bending moment diagram at failure reaches the cracking moment of the cross section. The critical section, where failure occurs, is assumed to be located where the critical crack reaches the neutral axis depth. This assumption is justified because any other section closer to the zero bending moment point has a bigger depth of the compression chord, produced by the inclination of the strut and will resist a higher shear force.
On the other hand, any other section placed between this section and the maximum moment section will have the same depth of the compression chord but will be subjected to higher normal stresses and, therefore, the uncracked concrete zone will have a higher shear transfer capacity.
Moreover, based also on experimental observations made by the authors and summarized in [24] , the horizontal projection of the first branch of the flexural-shear critical crack is considered to be equal to 0.85d (Fig. 1) . This is equivalent to considering that its inclination is approximated as in Eq. (12), shown in Table 1 .
As a result of the above assumptions, the distance between the zero bending moment point and the initiation of the critical crack is scr = Mcr/Vu, and the position of the critical section will be su=scr+0.85 ds, which is usually a little higher than ds. This is the reason why for design purposes, ds is adopted as the position of the section where shear strength must be checked for RC members. In prestressed concrete members, the cracking moment is higher and the position of the critical crack is shifted away from the zero bending moment point with respect to RC members. For this reason it is proposed that the shear strength is checked at a section placed at a distance ds(1+0.4cp/fctm). The higher cracking moment in a prestressed concrete section, with respect to a reinforced concrete section, is taken into account in the background mechanical model by means of the strength factor Kp (Eq. 10 in Table 1 ). The complete derivation of this term can be found in reference [25] . In case of reinforced concrete beams without axial loads, P = 0, the factor Kp becomes equal to 1. Fig. 3a-3b ) and compares them with the contributing actions in the Level III of Approximation of Model Code 2010 [32] (Fig. 3c) , derived from both the Modified Compression Field Theory [13] and the Generalized Stress Field Approach [33] , and the steel contribution of a variable angle truss model (Fig. 3d) , as the one given in EC2 [4] for members with shear reinforcement. The different models are not contradictory; in fact, the fundamental difference is that they have been derived from different simplifying assumptions. The model developed by the authors considers that the maximum load occurs slightly after the first branch of the critical crack reaches the neutral axis depth, as also proposed by [34] . Other models take into account the full crack development. When the second branch of the critical crack is developed, the aggregate interlock in the first branch is activated. It could be understood that the shear transferred by the non-cracked concrete zone in this model (Fig. 3a-3b ) is approximately equal to the contributing actions in the other models that takes place after the development of the second branch of the critical crack (aggregate interlock or stirrups crossing that zone). Note that the angle  in Fig. 3a-3c is the angle of the critical crack, and it is an angle fixed by the assumptions carried out in the models. However, the angle  in Fig. 3d is the angle of the compression field, an equilibrium angle that can be chosen by the designer. [35, 36] .
In case of highly prestressed simply supported concrete beams, such as some T or I beams, usually with thin webs and with minimum or no shear reinforcement, no flexural cracks take place near the supports. In these regions, the beam web is subjected to high shear stresses, combined with normal compressive stresses produced by prestressing, generating a biaxial compression-tension state of stress. When, at the most stressed point of the web, the principal stresses reach the biaxial failure envelope, a diagonal crack initiates, which develops through the entire beam height (Fig. 4) . In this situation, the model given by Eqs. (1)- (12) is not valid, as the main assumption of the initial bending crack would be false. The derivation of a design expression according to Mohr's circle of stresses assuming Kupfer's biaxial failure surface as failure criteria is carried out in [25] .
In the case of PC beams with shear reinforcement, once the web cracks, stirrups start working and a shear force higher than the cracking shear can be resisted [37] . Therefore, higher bending moments take place near the supports which, generally, will produce flexural cracks. 
where all parameters have been defined previously and Vcu is a non-dimensional confinement factor which considers the increment of the shear resisted by the concrete caused by the stirrup confinement in the compression chord, as shown in Eq. (14) . This parameter will be taken constant and equal to 0.4 for simplicity reason in the type-code expression, although its actual value is generally between 0.2 and 0.6 for normal members.
Note that the influence of normal forces in Eq. (13) is taken into account by the parameter x/d. As can be seen in Appendix A1, the strength factor Kp, which takes into account the higher cracking moment in a prestressed concrete section with respect to a reinforced concrete section, has been considered equal to 1.0 due to the relatively low influence of this parameter and for simplicity reasons.
Eq. (13) depends on the neutral axis depth ratio, x/d. This value may be computed from
Eq. (7) for RC beams disregarding the compression reinforcement, but it may be also simplified as proposed in Eq. (15) . Both values are represented in Figure 5 . Consequently, the model 
The influence of the compression flange is taken into account in the general model by means of the effective shear width given by Eqs. (9a -9b). In the case in which x > hf, Eq. (9b), the effective width shall be interpolated between the web width, bw, and the effective width in the compression flange, bv (Eq. 9a). Equation (9b) is a straight forward equation, but the authors have considered that it is too complex for everyday engineering. For that reason, the following simplified expression for the calculation of the effective width is proposed:
Eqs. (9a-9b) and (17a-17b) are compared in Figure 6 for some T-beams with compression flanges. The results shown that the error between the original formulation and the simplification is generally lower than 10%. 
Size effect
Due to the brittle character of the failure that takes place when the second branch of the critical crack propagates, it is necessary to take into account the size effect. The empirical factor
proposed by other authors [22] was adopted in the background mechanical model, by means of the term ζ, Eq. (11), which can be assimilated to the size effect of a splitting test. According to such model, the size effect on the shear failure of slender beams seems to depend on the size of the shear span a, that would be proportional to the diameter of the specimen of a hypothetical splitting test that occurs at the beam compression chord, between the point where the load is applied and the tip of the first branch of the critical shear crack. The term given by Eq. (11) was derived from a previous experimental work carried out by Hasegawa et al. [38] , in which a linear relationship was proposed for the size effect. However, this work was lately re-examined by Bažant et al. [39] , suggesting that the splitting tensile strength followed the size effect term developed by fracture mechanics with an asymptote, as shown in Eq. (18):
Where f't is a measure of material tensile strength, 0 is proportional to the diameter of the cylinder, B is an empirical constant and y is the asymptote.
Moreover, the shear strength of structural concrete members is affected, not only by the element size, but also by its slenderness, a/d, as reported by many researchers [40] [41] [42] . For the previous reasons, a new empirical size effect term is proposed which depends on d and a/d. The factor depending on d will be taken as the factor proposed by ACI Committee 446 [43] , Eq. (19), which is an expression similar to the one on the left inside the parenthesis in Eq. (18).
The factor depending on a/d will be taken from the empirical work performed with genetic programming in [44, 45] , where was seen that the term a/d 0.21 correctly predicted the influence of this variable. The new combined size and slenderness effect factor is given in Eq. 
Simplified shear model
Based on the previous theoretical multi-action model and on the main simplifications presented in the previous section, the following model is proposed for shear design and assessment in engineering practice.
General
The design shear force in the section considered, VEd, results from external loading (VEd,0) and prestressing (bonded or unbonded, considered as an external action (Figure 9) ).
When, on the basis of the design shear calculation, no shear reinforcement is required, minimum shear reinforcement should nevertheless be provided. The minimum shear reinforcement may be omitted in members such as slabs (solid, ribbed or hollow core slabs) and footings where transverse redistribution of loads is possible. Minimum reinforcement may also be omitted in members of minor importance (e.g. lintels with span ≤ 2 m) which do not contribute significantly to the overall resistance and stability of the structure.
The longitudinal tension reinforcement should be able to resist the additional tensile force caused by shear, given by Eq. (29) .
Where a load is applied near the bottom of a section, sufficient vertical reinforcement to suspend the load to the top of the section should be provided in addition to any reinforcement required to resist shear.
Simplified shear design and assessment equations: the compression chord capacity model
The design procedure of members with or without shear reinforcement shall verify equilibrium and shall take into account the influence of the stresses transferred across cracked concrete (Vw in Figure 8 ), by the compression chord (Vc), and the contribution of the shear reinforcements (Vs) and longitudinal reinforcements (Vl). 
where x is the neutral axis depth of the cracked section, obtained assuming zero concrete tensile strength. For reinforced concrete members without axial loads, x = x0 (see Eq. 15). However, vw and vl, should not be affected by the variation of the neutral axis depth for prestressed beams, and for this reason the reduction factor is needed. Moreover, it can be also seen as a calibration factor to increase safety when compressive axial loads are present. It is also important to highlight that the increase of the neutral axis depth depends on the ratio
and not only on cp.
The shear strength, VRd, is the smaller value given by Eqs. (24) and (25) .
,max 1 2 cot cot 1 cot
where Vcu is the shear resisted by the concrete considering the different contributions given in 
And Vsu the shear resisted due to the shear reinforcement:
 is a combined size and slenderness effect factor, given by Eq. (20) .
The parameter bv,eff shall be calculated using Eqs. (17) . 
The additional tensile force, Ftd, in the longitudinal reinforcement due to the shear force
VEd may be calculated from:
The tensile force of the longitudinal reinforcement, (MEd/z) + Ftd, should be taken not In prestressed members without shear reinforcement, the shear resistance of the regions uncracked in bending in ULS may be obtained using a design expression directly derived from
Mohr's circle of stresses [25] , as previously commented in Section 2.
Verification of the model and comparison with other formulations
The shear strength predictions of all tested beams included in the four databases developed by ACI-DafStb for RC and PC beams [26] [27] [28] by the simplified proposal presented in Section 4
and by four current structural codes are compared in Table 2 and Figure 9 . All explicit partial safety factors have been removed from the original formulations, and the mean value of the materials strength has been used for these calculations. [46] . The authors concluded that the scatter of the shear capacity seems to be mainly due to the randomness of the tensile strength of concrete. Also recently, other authors confirmed that a comparison with different shear design models revealed that models that use the concrete tensile strength predict the shear capacity of continuous prestressed concrete beams with external prestressing more accurately [47] that the models that do not explicitly consider the tensile strength of the concrete. In this sense, the coefficient of variation of the predictions by the Compression Chord Capacity Model for the beam tests included in the four databases is not much higher than the coefficient of variation of the splitting tensile strength. In a published database of 78 splitting tensile tests [48] , the coefficient of variation (COV) for the prediction of the tensile strength was 15.1%.
This fact seems to indicate that the shear transfer mechanisms at failure have been well captured by the model. Table 3 presents a more detailed comparison between the simplified proposal and the EC-2 formulation, comparing the results obtained considering the mean value of the materials strength, the characteristic value for concrete strength without partial safety factors and including them (c = 1.50; s = 1.15). The results show that, for the studied databases, the proposal shows a reasonable and homogeneous safety level.
The predictions obtained by means of the proposed formulation, EC-2 and MC-2010 are compared in Fig. 10-11 with some selected series of tests [49] [50] [51] [52] [53] [54] [55] [56] . Note that the code format proposal captures the influence of the different parameters studied: d, Aswfyw and cp/fctm both for RC and PC members. 
Application example

Reinforced concrete slab
The The minimum amount of shear reinforcement should be checked.
Post-tensioned concrete slab
Compute the shear strength of the same slab with the same reinforcement but post-tensioned by means of a straight un-bonded tendon in each rib, placed at the center of gravity of the section (Ac=0.112 m 2 ) . The tendon consists of a 150 mm 2 strand, initially stressed at 1400 N/mm 2 , which introduces a force of 180 kN after total losses, that can be considered constant along the whole tendon length.
The mean concrete normal stress introduced by the tendon is: The minimum amount of shear reinforcement should be placed. effective depth of the cross-section, d, but not less than 100 mm dmax maximum aggregate size ds distance between the maximum compressed concrete fibre and the centroid of the mild steel tensile reinforcement. In the case of prestressed elements without mild reinforcement, ds shall be taken equal to dp dp distance between the maximum compressed concrete fibre and the mechanical centroid of the prestressing tendons placed at the tension zone For members with mild steel reinforcement and tendons, el can be adopted as It is recommended to adopt a constant value, ∆ = 0.4, for the non-dimensional confinement factor to simplify the calculation procedure.
Conclusions
In the background mechanical model, Kp is a strength factor which takes into account the effects of the axial load, including prestressing (compression positive), and it can be simplified as:
where yt is the distance from the centroid of the section to the most stressed fibre in tension, and it is a simplification of the term x+ds-dp (parenthesis in the right in Eq. 10). In the previous equation a coefficient 0.30·0.8 = 0.24 has been used in spite of the original value of 0.30, to take into account that the neutral axis depth in prestressed concrete sections (see Eq. 8) is higher than the one assumed to merge the different components into a single concrete contribution Vc and due to the fact that the load P, which is a favourable action, is not minored in the structural codes. However, Kp has been considered equal to 1.0 due to the relatively low influence of this parameter and for simplicity reason in the code-type expression. 
A2. Derivation of
A3. Position of the critical shear crack and the critical section
One of the assumptions of the model is that the critical crack starts where the bending moment diagram at failure reaches the cracking moment of the section. Then, the distance from the zero bending moment point to the initiation of the critical shear crack, scr, is scr = Mcr/Vu smin, where smin is the crack spacing, i.e. the necessary distance to transfer tensile stresses from the reinforcement to the concrete so that another crack is formed. The control section would be placed at a distance from the zero bending moment point scr + 0.85d. 
It can be seen that the higher are the longitudinal or shear reinforcement ratios the closer is the crack to the zero bending moment point. Similarly, in beams without stirrups the critical crack is farther from the zero bending moment point than in beams with stirrups.
To use the above expression in design is not practical nor possible since the shear reinforcement ratio is not known a priori. Therefore, a constant and conservative value is considered convenient to be adopted for design purposes. Considering usual ranges of the parameters involved in the equation for scr derived in this appendix, ( between 0.7 and 1.0, l between 0.005 and 0.02, w between 0 and 0.3%) and assuming fywd=435 MPa, and fct,d=1.4
MPa) the position of the critical section scr+0.85d ranges between 0.97·d and 1.6·d. Therefore, for design purposes a conservative value, d, is adopted.
For PC beams, even though the neutral axis increases, the increment of the cracking moment is higher, and the control section shall be shifted away from the zero bending moment point. The simplification made by the authors in the paper, drives to expression ds(1+0.4cp/fctm), which is a conservative approach, as the shear force increases towards the support.
A4. Additional tensile force in the longitudinal reinforcement
The additional tensile force, Ftd, in the longitudinal reinforcement due to the shear force VEd is given by Eq. (29) . This equation is derived from the free body diagram shown in Fig. A41 .b.
The free body diagram for the multi-action background model is shown in Fig. A4 
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